This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation. The v 4 + v 6 = 2 vibrational polyad was observed in high-sensitivity one-photon laser-induced fluorescence spectra and the v 4 + v 6 = 3 polyad was observed in IR-UV double resonance spectra via the ground state 3 ͑⌺ It is remarkable how severely the coupling of 4 and 6 distorts the overtone polyads, and also how in this case the effects of vibrational angular momentum outweigh those of anharmonicity in causing the distortion.
Darling-Dennison resonance and Coriolis coupling in the bending overtones of the Ã
1 A u state of acetylene, C 2 H 2
I. INTRODUCTION
The Ã 1 A u − X 1 ⌺ + g electronic transition of acetylene is one of the most widely studied of all polyatomic spectra. The principal reason is that acetylene is the simplest compound containing a C w C triple bond, so that analysis of the spectrum gives a clear picture of what happens on * ← electronic excitation of such a bond. As is well known, acetylene is linear in its ground electronic state, but, as was shown by Ingold and King 1,2 and by Innes 3 over 50 years ago, it becomes trans-bent in its first singlet excited state Ã 1 A u . This was one of the first demonstrations that a molecule can change its point group on electronic excitation. In fact, it is more complicated than this. The first singlet excited state ͑S 1 ͒, which corresponds to a 1 ⌺ − u state of the linear molecule, has potential minima corresponding to both cis-and trans-bent isomers, [4] [5] [6] [7] [8] [9] [10] [11] but transitions from the ground state are only permitted to levels of the trans-isomer by the dipole selection rules. The S 1 state of the cis-isomer, Ã 1 A 2 , has never been observed, though it is calculated to lie about 3000 cm −1 higher than the Ã 1 A u state of the trans-isomer 7, 11 or roughly 1000 cm −1 below the dissociation limit. 12 Interesting dynamics will occur at the barrier to cis-transisomerization, and a search for the spectroscopic signatures of these dynamics has been one of the motivations for this work.
A second reason for interest in the Ã 1 A u − X 1 ⌺ + g transition of acetylene is the wealth of detail it contains. The Franck-Condon pattern in absorption 13, 14 consists of a long progression in the trans-bending ͑or "straightening"͒ vibration 3 , each member of which is the origin of a short progression in the C u C stretching vibration 2 . This is consistent with the rotational analysis, which shows 15 that the equilibrium HCC angle is 122.5°, and that the C u C bond length has increased from 1.208 to 1.375 Å, which is greater than that in C 2 H 4 . One of the results of the change of point group on electronic excitation, which was found in the spectrum of acetylene for the first time, is "axis-switching," 16 where a small rotation of the principal inertial axis system upon excitation causes the appearance of unexpected KЈ − ᐉЉ = 0 and Ϯ2 subbands in an otherwise perpendicular ͑KЈ − ᐉЉ = Ϯ 1͒ transition. Although predissociation sets in 12 just below the 3 4 0 band, its effects are minimal at first. Very extensive rotational analyses have therefore been possible, leading to a detailed description of the level structures of the 2 and 3 progressions and, from hot bands, of the ground state 4 ͑trans-bending͒ vibration. 13, 14, 17 With a detailed understanding of the upper state level structure available, the Ã 1 A u state has been a valuable stepping stone for emission studies, [18] [19] [20] [21] [22] [23] and particularly for double resonance experiments. Among these are many comprehensive studies of the high vibrational levels of the ground state using stimulated emission pumping [24] [25] [26] [27] and of the level structures of various Rydberg and valence states [28] [29] [30] and the acetylene cation. 31, 32 Interestingly, although the Franck-Condon active ͑gerade͒ vibrational levels are fairly well understood, much less is known about the ungerade vibrations of the Ã 1 A u state. IR-UV double resonance experiments via the ground state 3 3 level 33, 34 have allowed analyses of the three ungerade fundamentals, 4 ͑a u , torsion͒, 5 ͑b u , antisymmetric CH stretch͒, and 6 ͑b u , in-plane cis-bend͒, together with the combination 3 1 1 , where again the structure is massively distorted by Coriolis effects. The only other information about the ungerade vibrations comes from one-photon laserinduced fluorescence ͑LIF͒ studies of the excitation spectrum 36 where, with the help of supersonic jet-cooling, some weak bands in among the strong Franck-Condon progressions were identified as combinations involving overtones of the 4 and 6 vibrations.
The assignment of these weak combination bands 36 suggested that many other bands involving the low-lying ungerade vibrations 4 and 6 should be observable given sufficiently sensitive experiments. These bands would be highly forbidden according to the Franck-Condon principle, but could obtain small amounts of intensity through anharmonic interactions of their upper levels with the Franck-Condon allowed levels. The purpose of the present paper is to describe the successful observation of a number of such bands belonging to overtones of the 4 and 6 vibrations with up to five vibrational quanta. The gerade members have been observed in one-photon LIF experiments, and the ungerade members in IR-UV double resonance experiments via the ground state 3 and 3 + 4 levels.
The rotational and vibrational structures of these bands are highly unusual. Because the 4 and 6 vibrations have very nearly the same frequency, many of the features of a doubly degenerate vibration, with its associated vibrational angular momentum, appear in their overtone spectra. The strong Coriolis coupling of the 4 and 6 vibrations is one of these. Another is the strikingly large Darling-Dennison resonance that occurs between the overtones of 4 and 6 , and which causes the vibrational levels to be grouped into what looks like the vibrational angular momentum level structure of a degenerate vibration. As far as we are aware this type of pattern has not been seen before in the bending vibrations of an asymmetric top molecule. The combination of a-and b-axis Coriolis coupling with Darling-Dennison resonance distorts the spectra very severely. The K-structure is totally disorganized, and local rotational perturbations occur in the J-structure at many places where appropriate sets of levels happen to lie close to each other. For K Ͼ 0 all the members of an overtone polyad appear in the spectra, whatever their nominal vibrational symmetries. Specifically, the distinction between a and b irreducible representations is lost, although g-u symmetry remains valid.
II. EXPERIMENTAL DETAILS
The c-axis polarization of the Ã − X transition implies the rotational selection rule KЈ − ᐉЉ = Ϯ 1. Taking account of the g-u symmetry properties of the levels, it has been necessary to carry out four sets of experiments in order to map the KЈ =0−2 structure of the Ã state, as illustrated in Fig. 1 . In one-photon jet-cooled experiments from the ground vibrational level, which has ᐉЉ = 0, only the vibrationally gerade KЈ = 1 levels are accessible in the absence of Coriolis-or axis-switching-induced "forbidden" subbands. To get at the gerade KЈ = 0 and 2 levels, it is necessary to use a warmed sample that has a sufficient population in the ground state 4 fundamental, where ᐉЉ = 1. Similarly, for the ungerade vibrational levels, observed in IR-UV double resonance experiments, only the ungerade KЈ = 1 levels can be reached if the intermediate level is a ⌺ + u ͑ᐉЉ =0͒ ground state vibrational level, such as the 3 fundamental; a ⌸ u vibrational intermediate ͑ᐉЉ =1͒ is needed in order to reach the ungerade KЈ = 0 and 2 levels.
Laser-induced fluorescence spectra of neat acetylene have been recorded in an unskimmed pulsed jet expansion. The gas was expanded through a pulsed valve ͑General Valve, Series 9͒ with a 0.5 mm orifice from a backing pressure of 200 kPa. The ultimate vacuum achieved in the apparatus was 2.7ϫ 10 −5 Pa, which rose to 6.7ϫ 10 −3 Pa under normal gas load.
The laser radiation was the frequency-doubled output of a Lambda Physik 3002E dye laser, pumped by the third harmonic of a Nd:YAG laser ͑Spectra-Physics DCR-3͒. A small portion of the dye laser power was passed through a heated gas cell containing 130 Te 2 vapor for calibration ͑Ϯ0.02 cm −1 accuracy͒, while the remainder was doubled in a ␤-barium borate crystal, and sent to the molecular beam chamber. The laser radiation crossed the pulsed jet about 3 cm from the orifice.
Fluorescence from the excited acetylene was observed at right angles to both the laser beam and the jet axis. The fluorescence was collected by a lens system and detected by a Hamamatsu R331 photomultiplier after passing through a UG-5 or UG-11 colored glass filter.
To observe the KЈ = 0 and 2 levels belonging to gerade vibrational states it has been necessary to record hot band transitions from the ground state 4 fundamental. In order to induce hot bands in the jet spectra while maintaining reasonably low rotational temperatures, the distance between the nozzle and the intersection of the laser with the pulse of molecules was reduced from ϳ30 to ϳ 5 mm. Additionally, the relative timing of the pulsed valve and the laser was adjusted so that the laser radiation intersects the leading edge of the gas pulse, which is characterized by higher effective vibrational temperatures.
The ungerade vibrational states have been observed by IR-UV double resonance, using the 3 and 3 + 4 IR bands as intermediates. The infrared radiation was generated in a two-step difference frequency generation/optical parametric amplification process. A portion of the 1064 nm output of an injection-seeded Nd:YAG laser ͑Spectra-Physics PRO-270͒ was mixed, in a lithium niobate ͑LiNbO 3 ͒ crystal, with the output of a dye laser ͑Lambda Physik FL 2002͒ operating with either LDS 798 or LDS 751. The resulting infrared radiation was then passed through a second LiNbO 3 crystal, which was pumped by the remainder of the 1064 nm beam. The amplified IR radiation had an energy of approximately 3 mJ/pulse and a spectral width of 0.15 cm −1 , which is limited by the resolution of the grating-tuned dye laser.
A small fraction of the IR beam was sent to a photoacoustic cell containing 10 torr of acetylene gas. The observed photoacoustic signal was used to ensure that the IR frequency stayed in resonance with the desired vibrational transition. The remaining IR radiation entered the chamber through a CaF 2 window in the opposite direction to the UV laser. The relative timing of the two lasers was adjusted so that the beams were temporally overlapped, with the precise timing adjusted to maximize the observed double resonance fluorescence signals.
III. THEORY
The energy level pattern for the coupled 4 and 6 bending fundamentals of the Ã 1 A u state of C 2 H 2 has been described by Utz et al. 33 and is similar to that analyzed by Hegelund et al. 37 in the infrared spectrum of the trans-bent molecule diimide N 2 H 2 . The overtones of 4 and 6 , which are the subject of the present work on C 2 H 2 , require, in addition, considerations of anharmonicity and Darling-Dennison resonance. 38 A summary of the relevant theory follows.
A. Matrix elements of the rotational and Coriolis operators
For an asymmetric top molecule such as C 2 H 2 in its Ã 1 A u state, the general rotational Hamiltonian [39] [40] [41] simplifies to
where A, B, and C are the rotational constants, J is the total angular momentum, G is the vibrational angular momentum, and a, b, and c refer to the principal inertial axes. When the squares are expanded, this equation becomes
The first three terms are the familiar rigid rotator Hamiltonian, followed by the three first-order Coriolis terms, and finally three terms involving the squares of the components of the vibrational angular momentum. These components are defined 42, 43 as 
The terms in G c can therefore be ignored, since there is no c-axis coupling. The matrix elements of the vibrational angular momentum operators follow from the matrix elements of the Q and P operators in a harmonic basis, 40 ͗v 4 + 1v 6 ͉G ␣ ͉v 4 v 6 + 1͘ = − i 46 ␣ ប⍀͓͑v 4 + 1͒͑v 6 
Since the highest J values in either our jet-cooled spectra or our double resonance spectra are never more than 9, centrifugal distortion effects can be ignored. In a signed-k basis the matrix elements of the rigid rotator and first-order Coriolis terms are then 
͑8͒
The matrix elements of the terms in G ␣ 2 can be obtained by matrix multiplication from Eq. ͑6͒. There are nine possible expressions, but the only important ones are the diagonal element and the elements that act within a given vibrational polyad, defining this as one where the levels have the same value of v 4 + v 6 , With the values of the parameters taken from the least squares analysis of the v 4 + v 6 = 2 polyad, described below, this quantity is 7.06 cm −1 . The vibrational angular momentum also adds twice this quantity, i.e., 14.12 cm −1 , to the anharmonicity parameter x 46 . This is slightly larger than the observed value x 46 = 11.39 cm −1 ͑described below͒, and implies that the anharmonic force field contributes a mere −2.73 cm −1 to x 46 . The dominance of the angular momentum contribution to x 46 is unusual and somewhat surprising. It also emphasizes that the role of vibrational angular momentum in generating what looks like anharmonicity should not be neglected.
B. Darling-Dennison resonance
The off-diagonal elements in Eq. ͑9͒ have the same vibrational quantum number dependence as those responsible for Darling-Dennison resonance. 38 This is a well-known effect [45] [46] [47] in the overtone spectroscopy of molecules such as H 2 O and the ground state of C 2 H 2 . Provided that certain definite relationships between the Darling-Dennison resonance parameter and the anharmonicity constants are satisfied, 48 the Darling-Dennison resonance converts the normal mode energy level pattern of the low-lying stretching vibrational levels into a local mode pattern at higher energy. 45 This represents how the vibrational structure changes from the low energy pattern, where the two bonds vibrate in phase, to the high energy pattern approaching dissociation, where just one of the two bonds breaks. The strong Darling-Dennison resonance involving nearly degenerate bending vibrations in an asymmetric top appears to be a new phenomenon. Some aspects of the resulting vibrational level structure resemble what is found for stretching vibrations, but there are also differences; research into the various effects is continuing.
Darling-Dennison resonance has been considered in some detail by Lehmann. 49 He gives the matrix element as
where
Although the notation is different, the term involving the ab ␣ parameters in Eq. ͑11͒ corresponds exactly to the coef-ficient in the off-diagonal elements of Eq. ͑9͒. Allowing for the factor 1 4 in Eq. ͑10͒, this term contributes an amount −4͓A͑ 46 a ͒ 2 + B͑ 46 b ͒ 2 ͔ = −28.24 cm −1 to the parameter K 4466 . Again this is a surprisingly large amount, which ͑as shown below͒ outweighs the effects of the cubic and quartic anharmonic potential constants . It is remarkable that the vibrational angular momentum should make such a large contribution to what is usually thought of as anharmonicity, both for the x 46 and K 4466 parameters.
C. Structures of the Hamiltonian matrices
A complication in using the elements of Eq. ͑8͒ for a matrix calculation of the energy levels is that the first-order Coriolis terms are imaginary. This can be overcome by multiplying the ͉v 6 ͘ harmonic oscillator basis functions by a phase factor ͑i͒ v 6 . To implement this, the Hamiltonian matrices for each J-value from Eq. ͑8͒ are subjected to a similarity transformation, HЈ = S † HS. The S matrix consists of blocks for each vibrational level that take the sums and differences of the signed-k basis functions, converting them to an unsigned-K basis, 50 but with all the elements in the blocks for the various vibrational levels multiplied by ͑i͒ v 6 . The transformation factorizes the matrix for each J-value into two submatrices, which can be given e and f symmetry labels. Further factorization is not possible because of the ⌬K = Ϯ 1 form of the b-axis Coriolis elements.
After the transformation the matrix elements are all real, but any element off-diagonal in the vibrational quantum numbers carries a negative sign. The energy matrices can then be constructed directly from Eqs. ͑8͒ and ͑10͒, taking account of the signs and the vibrational symmetries. Writing the basis functions as ͉K Ϯ x͘, where Ϯ indicates sum or difference and x is the irreducible representation label a or b, the e matrix contains the functions
.., while the f matrix has the same structure but with the a and b labels reversed. As is well known, 50 the ͗k =−1͉H͉k =1͘ asymmetry element is added to or subtracted from the ͉K =1͘ diagonal element by the similarity transformation, and any element connecting a ͉k =0͘ basis function to a ͉k = Ϯ 1͘ or ͉k = Ϯ 2͘ basis function gets multiplied by 2 1/2 .
D. Selection rules. Coriolis coupling and axis-switching
In the absence of Coriolis and axis-switching 16 effects, the rotational selection rules for the c-axis polarized
Both Coriolis and axis-switching effects act to destroy the strictness of the first rule, giving rise to additional KЈ − ᐉЉ =0, Ϯ 2 subbands. Because of this it is difficult to distinguish the two effects, and, in fact, it is possible to rationalize axisswitching effects using the formalism of Coriolis coupling. 15, 51, 52 In this paper the term axis-switching will be used to describe the forbidden subbands of the FranckCondon allowed 3 n and 2 1 3 n progressions. These are easily recognized since the K-structures of the upper levels follow the normal asymmetric top energy level expressions, because there is no competing Coriolis coupling. The forbidden subbands in the bending polyads are best described as Coriolisinduced since this is the principal mechanism for their appearance. These forbidden subbands are mostly fairly weak but a few are surprisingly strong, particularly when two sets of levels with zero-order K values differing by one unit happen to lie close to each other.
As for the vibrational selection rules, these are found to be obeyed strictly only for the K = 0 levels of the v 4 For simplicity in what follows the distinction between K for the Ã 1 A u state and ᐉ for the X 1 ⌺ + g state will not always be made. The two quantities describe the projection of the total angular momentum along the linear or near-linear inertial axis, and are essentially equivalent.
IV. RESULTS
The structures of the bending polyads are highly irregular because of the interplay of the Coriolis coupling and the Darling-Dennison resonance. Both of these are very large effects, with the experimental Darling-Dennison parameter K 4466 found to be about −50 cm −1 , and the Coriolis parameter 2A a ͑which is the coefficient of K in the a-axis coupling elements͒ about 18 cm −1 . It is not possible to separate them, or to understand the structures of the polyads, without data from levels with several K-values. For instance, it is essential to have data from as many of the K = 0 stacks as possible, because these contain no a-axis Coriolis effects, and allow the vibrational origins to be established. Even so, these vibrational origins are not the fully deperturbed origins, because they represent the levels that result after the Darling-Dennison resonance has acted between harmonic basis levels of the same symmetry. The higher-K stacks suffer from both Darling-Dennison and Coriolis effects, but the effects can be separated because the a-axis Coriolis coupling depends linearly on K, whereas the Darling-Dennison resonance is independent of K. This means that a successful least squares analysis of a bending polyad requires data from K = 0, 1, and 2 stacks, at the minimum. It is of course necessary to use the deperturbed band origins in order to calculate the higher-K levels correctly, since the Coriolis coupling and the Darling-Dennison resonance are both perturbations on the rigid rotator-harmonic oscillator basis. The bands shown in Fig. 2 represent transitions from the ground vibrational level of the molecule to the lower two of the three KЈ = 1 levels of the polyad, together with a Coriolisinduced K =2−0 subband. One of the K =1−0 subbands, with Q head at 43 712 cm −1 , is easily assigned, and accounts for most of the strong lines. Somewhat surprisingly for a level so low in the vibrational manifold, it contains perturbations at JЈ =4e and 5f. Because of the unexpectedly large Coriolis perturbations and the severe blending, the remaining structure could not be assigned until the v 4 + v 6 =3 ͑B 3 ͒ polyad had been analyzed, and the Darling-Dennison resonance recognized. Calculations of the rotational structure then allowed the remaining lines, and the perturbations, to be assigned immediately.
Experiments with a warmed beam gave the spectrum shown in Fig. 3 Fig. 2 . In Fig. 2 the intensity is carried by the KЈ = 1 level, with the KЈ = 2 level getting its intensity by b-axis Coriolis coupling; in Fig. 3 the roles of the two levels are reversed. Consistent with the line strengths for a K =2−1 band, the P branches of both bands are expected to be much weaker than the rest of the structure, and are not seen. The intense K =2−1 hot band at 43 138 cm various subbands are given in Table I . In this table the subbands are labeled for convenience by Roman numerals in order of increasing energy for each K value. The level structure of the B 2 polyad is illustrated in Fig. 4 . The left hand side ͓Fig. 4͑a͔͒ shows the K-structure. The two overtones 4 2 and 6 2 are almost degenerate in zeroorder, with 4 2 lying 2.1 cm −1 above 6 2 ; however, as a result of the Darling-Dennison resonance, they give rise to two well-separated K = 0 levels, whose wave functions are very nearly the normalized sum and difference of ͉4 2 ͘ ͑0͒ and ͉6 2 ͘ ͑0͒ . The K = 0 level of 4 1 6 1 lies above the mid-point of the two overtones because of the x 46 term. For K = 1 the a-axis Coriolis coupling complicates the picture. The 4 1 6 1 level interacts essentially only with the upper of the mixed overtone levels, whose approximate wave function is the sum function
The lower mixed overtone ͑difference function͒ is almost unaffected. The result is that the two upper K = 1 levels are pushed apart, with one of them dropping almost to the energy of the lower mixed overtone. For K ജ 2 the Coriolis coupling between the upper mixed overtone and 4 1 6 1 is so large that the Coriolis-coupled levels become the top and bottom levels with their K-value. It is possible to view these effects as an interference between the Coriolis and Darling-Dennison interactions, which allows the sign of the Darling-Dennison parameter to be determined. Figure 4͑b͒ shows the observed and calculated J-structure plotted against J͑J +1͒. Only the low energy levels are illustrated, so that the highest observed K = 1 level lies off the top of the figure. The most obvious irregularity is the very strong b-axis Coriolis perturbation between the lowest K = 2 level and the second K = 1 level. The two levels are almost exactly degenerate in zero-order, such that the splitting between them rises to over 20 cm −1 at J = 7. The lower level, nominally K = 2, is pushed down so hard that the R branch going to it ͑see Fig. 2͒ degrades entirely to the red, in contrast to the usual pattern. This level also cuts through the lowest K = 1 level, causing the small perturbations mentioned at the beginning of this section. An unexpected feature in Fig. 4͑b͒ is the presence of an unseen K = 3 level between the two uppermost K = 0 levels. It appears not to perturb the nearby K = 2 level, despite the possibility of b-axis Coriolis coupling ͑following ⌬K = Ϯ 1 selection rules͒, but to interact strongly with the two K =0 levels. Detailed examination of the rotational energy matrices and their eigenvectors confirms that the K = 2 and K =3 levels should not interact. The vibrational wave functions for these levels are, to good approximation,
The b-axis Coriolis coupling between them would involve the matrix element
where the two terms cancel exactly, to give zero. On the other hand, the ⌬K = Ϯ 3 interactions between the K = 3 level and the two K = 0 levels arise from vibrationally allowed cross-terms between the asymmetry and the b-axis Coriolis coupling.
With seven of the nine K-stacks with K =0-2 assigned, there are enough data for a least squares fit to the upper state term values. A simple model was chosen for the rotational structure. The rotational constants A, 
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The vibrational parameters required some care. Since the KЈ = 0 stack of the combination level 4 1 6 1 is not seen, there are only two observable band origins, corresponding to the overtones 4 2 and 6 2 , heavily mixed by the Darling-Dennison interaction. In the end it was decided to include the J = K = 0 energies of the two fundamentals 4 and 6 ͑from the work of Utz et al. 33 ͒, and to adjust, by least squares, 4 , 6 , and two of the three anharmonicity parameters x 44 , x 46 , and x 66 . The value of x 66 was then fixed at −4.22 6 cm −1 , as obtained from combining the position of the 6 fundamental with the deperturbed origin of the 6 3 overtone ͓described in Sec. IV B͔. The fit is extremely good, with an rms error of 0.011 cm −1 , which is comparable to the accuracy of the line measurements; the results are given in Table II .
The most surprising result is the large size of the parameters x 46 and K 4466 . These are made up of contributions from the vibrational angular momentum and the anharmonic force field, and in both cases the vibrational angular momentum contribution is the larger. It is interesting to compare the anharmonic contributions with those calculated from the anharmonic force field of Ref. 36 Similarly, for x 46 , where the anharmonic contribution is −2.73 cm −1 , a calculation using the symmetry-allowed terms from Mills' perturbation theory expression, Table II are quite small, which suggests that the pure bending motions are comparatively harmonic, once allowance is made for the vibrational angular momentum.
As for the Coriolis coupling parameters, these are almost unchanged from the values found in the fundamentals, Table II ; the sum of their squares is 1.001, compared to the theoretical value of 1.
The variation in the A rotational constants with v 4 and v 6 appears to be much smaller for the overtones ͑Table II͒ than for the fundamentals, 33 where A͑4 1 ͒ = 11.36͑8͒ cm −1 and A͑6 1 ͒ = 14.59͑13͒ cm −1 . However, we note that the average of A͑4 1 ͒ and A͑6 1 ͒ is close to the value in the zero-point level, 13.057͑5͒ cm −1 . 13 It is known from the N 2 H 2 spectrum 37 that there is almost 100% correlation between the A constants of two strongly a-axis Coriolis-coupled levels, such that only their sum is well-determined; this may also be affecting the determinations for the C 2 H 2 fundamentals. In the overtones the correlation is less severe because there are more vibrational levels to provide data.
An interesting minor point is that the ͑deperturbed͒ asymmetry parameter B − C is much smaller in the 4 2 level than it is in the 6 2 level. This is consistent with the C 2 H 2 molecule becoming nonplanar on average as the torsional vibration is excited. The rationale is as follows. Since the inertial b and c axes interchange when C 2 H 2 is twisted from trans-bent to cis-bent, there must be a point near a twisting angle of 90°where it is accidentally a symmetric top, with B − C = 0. Therefore excitation of the torsional vibration must reduce B − C. The prototype molecule for this effect is H 2 S 2 , which is 90°twisted and accidentally almost exactly a symmetric top. 3 ; their symmetries are a u , b u , a u , and b u , respectively. Two spectra of the polyad have been recorded by IR-UV double resonance. In one, the ground state 3 fundamental ͑ᐉ =0͒ was used as the intermediate level in order to observe the KЈ = 1 levels; in the other the 3 + 4 combination level ͑ᐉ =1͒ was used to observe the KЈ = 0 and 2 levels. Because of the strong b-axis Coriolis coupling, some of the KЈ levels appear in both spectra.
The low energy part of the polyad is illustrated in Fig. 5 , as seen following IR pumping of the Q branch of the 3 + 4 band at 3897.16 cm −1 . This branch is very compact, so that when the IR laser is tuned to its head the first five lines are excited simultaneously, populating the J =1f -5f rotational levels. This allows the complete double resonance spectrum to be recorded in one scan, though it loses the state-selectivity of pumping individual rotational lines. Nevertheless the line assignments could be made straightforwardly, using lower state combination differences. To assist with the assignments a scan was also taken via the P͑3͒ line of the band, which populates the J =2e levels. This was valu- The K-and J-structures of the B 3 polyad are illustrated in Fig. 7 . The left hand side ͓Fig. 7͑a͔͒ shows clearly how the Darling-Dennison resonance groups the four K = 0 levels into two b u / a u pairs, separated by about 100 cm −1 . As expected from the near degeneracy of the 4 and 6 fundamentals, the four zero-order basis levels lie quite close to each other, with the overtones below the combinations by an amount 2x 46 . However, their separations are much smaller than the Darling-Dennison matrix element. The result is that one level of each symmetry is pushed up, and the other down, by the amount of the resonance matrix element, which in this case is 50 cm −1 . The patterns for higher K values are not so simple, though in first approximation the Coriolis coupling between the combination levels 4 1 6 2 and 4 2 6 1 pushes one of the levels far above the others.
The J-structure patterns ͓Fig. 7͑b͔͒ show a number of local avoided crossings caused by the b-axis coupling elements. These follow ⌬K = Ϯ 1 selection rules in the rigid rotator basis, and therefore act to destroy the goodness of K as a label. At the same time the Darling-Dennison resonance and the a-axis coupling, though diagonal in K, scramble the harmonic oscillator basis levels, so that the resulting patterns are often quite surprising. An example is given by the lowest two K = 2 levels. The upper of these two, which begins near 44 480 cm −1 , is almost degenerate with the second K =1 level, and gets pushed down strongly by b-axis coupling with it. As in the B 2 polyad the R branch going to it degrades entirely to the red ͑see Fig. 5͒ . At J = 6 this K = 2 level undergoes an avoided crossing with the lowest K = 2, after which it goes on to perturb the two K = 0 levels at the bottom of the pattern. Very clearly the K quantum number loses all meaning, as was noted also by Utz et al. 33 in their analysis of the fundamentals, though it is retained here as a convenient label. Another unexpected avoided crossing occurs between the K = 1 and 3 levels near 44 510 cm −1 . Fourteen KЈ stacks have been identified, representing all the stacks with K =0-2 together with two KЈ = 3 stacks. This has allowed a detailed least squares treatment, of which the results are given in Table III . As might be expected from the density of perturbations, the main problem encountered was that of matching the eigenvalues of the Hamiltonian to the observed upper state term values. After some experimentation, the tactic adopted was to transform the Hamiltonian matrix in several steps. In the first step the Darling-Dennison resonance and the a-axis Coriolis coupling elements were diagonalized, after which the full Hamiltonian matrix was transformed by the resulting eigenvectors. Since the elements eliminated were diagonal in K, the transformed basis states preserved the values of K. In the second step the asym- metry elements ͑⌬K = Ϯ 2͒ were diagonalized, such that the next set of transformed functions still retained the odd-or even-K character of the original basis functions. Finally the doubly transformed Hamiltonian matrix was diagonalized, eliminating the b-axis coupling, and the eigenvalues sorted according to their eigenvector coefficients. Even so, it was found that the sorting was not always accurate at the most severe of the avoided crossings, so that the stacks with a given nominal K-value were then placed in ascending order. Again, a simple model was used for the rotational energy, where only the A, , with observed levels shown in black and calculated levels in gray. Vibrational assignments are marked for the K = 0 levels, as given by their eigenvectors; for K ജ 1 levels the harmonic basis functions are so mixed that it is meaningless to give assignments. ͑b͒ J-structure of the 13 lowest energy K-stacks. Observed levels are shown as dots, calculated as gray lines. Two major avoided crossings occur: one between the K = 1 and 3 levels near 44 510 cm −1 and the other involving the second K = 2 level, which interacts with the lowest K = 2 and the second K =1 levels. polyad by least squares because only eight of the fifteen stacks with KЈ =0-2 have been found, and it is clear that at least two of the stacks are perturbed. For reference, the calculated level pattern is given in Table IV . It is interesting to note how the K = 1 asymmetry splittings vary erratically in these bending polyads: The pattern in the zero-point level is that the J =1e level lies 0.09 cm −1 above the J =1f level, but in the B 4 polyad the J =1e levels are calculated to lie below the J =1f for the lowest two a g levels, while for the two uppermost K = 1 levels the asymmetry splitting is close to zero.
The Table IV͒ . These three are the close pair of KЈ = 0 levels and the KЈ = 2 level illustrated in Fig. 9 . The calculations predict that the two topmost KЈ = 0 levels of the B 5 polyad will form an a u / b u pair with the a u member higher in energy by 0.09 cm −1 ; what is observed is an a u / b u pair with the a u member higher by 0.3 cm −1 . ͑The small difference between the observed and calculated separations is not considered significant.͒ The reason why the topmost KЈ =0 levels of a bending polyad form a close pair is that they correlate with what would be the component of highest vibrational angular momentum if the molecule were linear. For such a state a perturbation would only lift the degeneracy in high order.
Given that the predictions of the levels of the B 5 polyad appear to be correct to within a few cm −1 , it should be possible to identify more of them in the crowded region at lower energy. Some likely candidates can be picked out, but until the various resonances between the overlapping polyads are better understood a discussion of them would be premature. Two other subbands appear in Fig. 9 . One of these is the axis-switching-induced KЈ = 3 subband of the 3 1 5 1 level, the position of which is consistent with the constants for that level given by Tobiason et al. 34 The other is a KЈ =0 ͑b u ͒ subband at 46 175 cm −1 , which seems to be associated with a KЈ = 2 subband at 46 227 cm −1 ͑not shown͒. Near this energy every level of the Ã 1 A u state that should exist has been accounted for, and it seems that these subbands may represent levels of the cis-well of the Ã ͑S 1 ͒ state, tunneling through the cis-trans-isomerization barrier and obtaining some intensity through interaction with nearby levels of the trans-well. These levels will be discussed further in a subsequent paper.
V. DISCUSSION
In this work detailed rotational analyses of the pure bending polyads with v 4 + v 6 = 2 and 3 have been carried out for the Ã 1 A u state of acetylene. The v 4 + v 6 = 2 polyad ͑B 2 ͒ was recorded as high sensitivity one-photon laser-induced fluorescence spectra, while the v 4 + v 6 = 3 polyad ͑B 3 ͒ was recorded by IR-UV double resonance, using the ground state 3 fundamental and the 3 + 4 combination level as intermediates. The bands are weak because they are Franck-Condon forbidden; their intensity comes from anharmonic mixing of their upper states with the Franck-Condon allowed levels of the 3 n and 2 1 3 n progressions. The structures of the higher bending polyads are unexpectedly complicated because, in addition to the Coriolis coupling that was recognized 33 in the fundamentals, they suffer from unusually strong Darling-Dennison resonance, where the parameter K 4466 is no less than −51 cm −1 . Its effect is that, even for K = 0, the members of a polyad with the same vibrational symmetry are pushed apart by amounts of the order of 50-100 cm −1 , even though the fundamentals themselves are almost degenerate. For K ജ 1 the a-axis Coriolis coupling causes the vibrational levels with different symmetries to interact with each other, following ⌬K = 0 selection rules, while the b-axis Coriolis coupling causes local interactions between close-lying levels with different K-values.
An interesting result of the strong a-axis Coriolis coupling is that the asymmetry splitting in the higher K = 1 members of a bending polyad is almost zero. The reason for this is that their wave functions contain nearly equal mixtures of basis states with a and b vibrational symmetries. The e / f energy order of the K = 1 asymmetry components is opposite in vibrational levels with a and b symmetries, so that the equal and opposite asymmetry splittings cancel in the heavily Coriolis-mixed levels.
As can be seen from Eqs. ͑9͒ and ͑11͒, the strengths of the Coriolis coupling and the Darling-Dennison resonance both depend on the vibrational quantum numbers, which means that they become extremely large in the higher polyads. Nevertheless the dependence is perfectly regular, so that it is possible to predict the level structures of the polyads with v 4 + v 6 = 4 and 5 with good accuracy, and to identify some of their K-stacks. The bands involved are extremely weak, as might be expected since the intensity is transferred to them from the Franck-Condon allowed bands only by high order mixing terms. Once allowance is made for the Darling-Dennison resonance, the pure bending vibrational motion is found to be comparatively harmonic. The underlying level structure can be represented by the following constants:
